Polarimetric observations of about 50 stars located in a close vicinity of the Bok globule CB67 having significantly nonspherical shape and rapid rotation are performed. The data obtained are compared with the available observations of this globule at radio and submillimeter wavelengths as well as some theoretical calculations. It is found that the elongation and the rotation moment of CB67 are oriented rather perpendicular to the magnetic fields, which is unusual for Bok globules and is difficult to be explained from the theoretical point of view.
Introduction
The Bok globules are known to be small molecular clouds where low mass stars are formed. Despite a long interest in these rather simple objects, details of the star formation process in them are not well known (see, for example, [1, 2, 3] . Undoubtedly, the magnetic fields and to some extent rotation should play an important role in the evolution of the globules [4] . However, detailed observational data are still required for more adequate understanding of the low mass star formation.
Observations of polarization of background stars is the basic way to study the magnetic fields in the vicinity and outer layers of such clouds [5] . Though the first polarization maps of Bok globules were obtained in the mid-eighties, only in a few cases the data were sufficiently detailed (the number of stars was about 30 or more). Like for more massive clouds the polarization maps of globules have shown different behavior of the magnetic fields (see for more details [1] ). The connection of the magnetic fields in the outer regions of globules with those in their cores has been investigated by using the polarization maps at submillimeter wavelengths [6] .
Information about angular velocity and the kind of rotation has also been obtained only for a few Bok globules (see, for example, [7, 8] ). The magnetic fields and rotation of globules were observationally considered only by Kane and Clemens [9] . Using polarization maps obtained for 6 globules with known rotation (the maps were not presented in the paper), they concluded that the magnetic fields, the rotation axis and the Galactic plane direction tend to be parallel. Note that for all these globules the angle between the mean magnetic fields and the rotation axis did not exceed 50
• . In this paper a polarization map obtained by us for the rapidly rotating Bok globule CB67 is presented. In Sect. 2 and 3 the basic information about this cloud is given and the polarimetric data derived for about 50 stars in its field are described. In Sect. 4 we discuss the obtained results and point out that they are untypical of globules.
Object
CB67 (L31) is a small isolated globule (the center position: l ≈ 1
• , b ≈ +16
• ) in the complex of molecular clouds in Ophiuchus which is located at the distance of about ∼120 pc [10] . The angular size of this globule on the POSS maps is 16 × 4 , the position angle (hereafter all position angles are given in the equatorial coordinates) of the large semiaxis equals about 110
• [11] , the opacity class is 6 [12] .
The globule has been observed in CO, 13 CO, C 18 O and OH lines. These observations have shown that the globule velocity is about 4.7 km/s with the velocity dispersions σ v (CO) ≈ 1.3 km/s and σ v ( 13 CO) ≈ 0.9 km/s. CB67 has the rapid differential rotation with the velocity gradient ∇v ≈ 2 km/s/pc, the angular velocity ω = 7 10 −14 s −1 and the positional angle of the rotation axis of θ J = 112 ± 1
• [7] . The parameters of two cores which were observed in 13 CO line are similar: the size is about 14 × 5 , the density n(H 2 ) ≈ 3 10 3 cm
and the mass M ≈ 7-8 M [13] . Infrared observation did not reveal protostellar sources in this globule [14] . Visser et al. have investigated CB67 at submillimeter wavelengths and shown that the emission region at 850 µm has the approximate size of 11 × 1.5 and mass of 2.2 M [15] . Note that these authors observed only a part (approximately a half) of the globule, and the region of cold dust emission looks like a filament with the typical diameter of about 0.06 pc [16] .
So, the shape, size, location in the sky and other characteristics of CB67 seem to be rather typical of Bok globules.
The large-and small-scale geometries of the Galactic magnetic field are not yet well known [17, 18] . According to the standard stellar polarization data set given by Heiles' catalog [19] , the Galactic magnetic field component B ⊥ forms a large arc including the points (l, b) = (300
• ) the mean position angle of stellar polarization is about 170
• . The globule CB67 is close to the ring-shaped interface between the Local Bubble and Loop I Bubble at the distance 70-280 pc [20] . The polarization of stars in the area of this interface was studied by Santos et al. [21] . They found that the polarization position angle in their field A2 (l = 355 − 15
• , b = 20 − 35 • ) varied from about 50 to 150
• with the preferable direction in a part of the interface (l ≈ 355 − 10
• , b ≈ 17 − 20 • ) most close to CB67 being characterized by θ ∼ 65
• . The stellar polarization data given by Heiles [19] for the field l = 350 − 10
• , b = 7 − 27
• including the Ophiuchus cloud complex were analyzed by Li et al. [22] . They found that the mean polarization was nearly parallel to the "main filament" with the position angle being equal to 62 ± 26
• , which generally agrees with the polarization in the interface region obtained in [21] . Using the same polarization data source, we have considered the stellar polarization in a 7
• radius circle around CB67. The position angle distribution is given in Fig. 1 . The mean value equal to 60 ± 15
• well agrees with the results described above. Thus, we conclude that the positional angle of the mean Galactic magnetic field component B ⊥ in the Ophiuchus cloud complex and in the Local BubbleLoop I Bubble interface close to CB67 is about 60
• , which does not strongly differ from the direction of the Galactic plane characterized by θ G = 38.5
• .
Observations
We performed polarimetric observations of stars in the vicinity of CB67 using the 2-meter telescope of Girawali observatory (IUCAA) in Pune (India) on March 12-14, 2013. The IUCAA Faint Object Spectrograph and Camera (IFOSC) and the imaging polarimeter IM-POL [23, 24] were used, the field of view had the diameter of 4 , the wavelength range was 0.35-0.8 µm. Some more details and references to the description of the camera work in the polarization mode can be found in [25] .
For the polarimetric standards HD94851 and HD43384, we performed observation in the B and V bands and obtained the following values of the polarization degree: P B = 0.065 ± 0.05% for the first star and P V = 2.936 ± 0.019% (with the position angle error of 0.2
• ) for the second star. These values well agree with data from the literature: P B = 0.057 ± 0.18% for HD94851 [26] and P V = 2.94±0.04%, θ V = 169.8±0.7
• for HD43384 [27] . The position angle of the latter standard was used to calibrate the position angles of polarization observed. The instrumental polarization of the IFOSC on the 2-m Giravali telescope has been monitored for many years and is known to be less than 0.05% (see, e.g., [28] ), which is also confirmed by our results for the unpolarized standard. As the instrumental polarization is such small and does not behave like a systematic error, it is not being subtracted. Note also that our conclusions below are based on data with P > 1% when uncertainty of the position angle caused by the instrumental polarization should be below 1.5
Our polarimetric observations of three fields of 4 diameter were made without the use of any filters. Data were processed in the standard way. The results are presented in Fig. 2 where the polarization vectors for 49 stars (the vector length is proportional to the polarization degree) and contours of intensity in the 13 CO line [13] and at 850 micron [15] are shown. Table 1 contains the coordinates, polarization degree and position angle for the stars shown in Fig. 2 .
Note that some of our stars are located in the region of CB67 that was considered by Kane and Clemens when they studied its rotation [7] . In Fig. 3 we present the figure from their paper after adding the vector of rotation moment, the line parallel to the Galactic plane, the polarization vectors for stars observed by us and the average direction of the magnetic fields near CB67 according to our results.
Using JHK data available for some of our stars in the Two-Micron All-Sky Survey catalog [29] , we have roughly estimated the distances d and visual extinction A V for about 20 stars observed (see Table 2 ) following the approach developed in [30] . For other our stars, either JHK data were absent, or (J − K) > 0.75, which makes such spectral class estimates less reliable. Two Figure 3 : Rotation of CB67 according to [7] . The solid lines are contours of the mean radial velocity. Location of the center of motion (the peak of 13 CO integrated intensity) is given by the cross. The projected angular momentum J, the Galactic plane direction G, and the average magnetic field direction B ⊥ are presented by the corresponding vectors. Polarization of the stars observed is also given. stars (N 29 and 32) were not included in Table 1 and our figures shown above because of their large polarization errors: P = 0.4 ± 1.8% for N 29 and P = 0.8 ± 1.3% for N 32. The values of A V were also estimated utilizing the extinction map obtained from 2MASS data with the NICE technique in [31] . A weak correlation of two extinction estimates given in Table 2 can be seen.
Using Table 2 we produced Fig.4 that shows the dependences of P and P/A V on A V . Excluding the stars N 27 and 40 for which we probably derive too low extinction A V = 0.18, our Fig.4 demonstrates the trends typical of other globules (see, e.g., [32, 28] ): 1) a growth of maximum of the polarization degree P (in percent) with A V (in mag.) so that P < 2A V ; 2) a decrease of maximum of the polarization efficiency P/A V with A V so that P/A V < −1.5A V + 5. Note that as the wavelength λ max of maximum polarization P max for stars such close to globules usually is in the interval about 0.5-0.65 µm (e.g., [28] ) and for the standard Serkowski law of the wavelength dependence of interstellar polarization in the interval λ/λ max = 0.75−1.3 the values of P(λ) differ from P max by less than 10%, we probably have P ≈ P max ≈ P V where P is the polarization degree derived by us without a filter in the instrument range 0.35-0.80 µm. Note also that according to our estimates all stars in Table 2 except for N 29 are located at distances larger than ∼ 400 pc as expected from a statistical point of view. 4. Discussion Figure 3 shows that the vectors of observed polarization are oriented rather uniformly in the field of CB67. It is better seen in Figs. 5-6 where we present some distributions over the position angle. Note that the polarization degree is mainly within the range 0.8-3% and the position angle θ in the interval 150-200
• , with the average position angle beingθ = 176.7
• and the dispersion σ θ = 14.8
• . The distribution of stars over θ is rather typical of globules (see, for example, a similar distribution for globule B227 in [28] ). Note, however, that there are many globules where the distribution of polarization vectors is not such uniform [9] .
The important question is where the polarization we observe is originated? Generally, stellar polarization can provide information about the magnetic fields in dusty media located foreground or background of a cloud complex or within the complex but not physically related to the cloud studied.
A study of stellar polarization performed in [21] has shown that for their field I2 corresponding to the Ophiuchus molecular cloud complex for all (about couple of dozens) stars at the distance d < 100 pc one has the po-larization degree P < 0.05%, and for stars at d > 120 pc P is in the interval 0-2%. As for all (except for two) stars observed we got P > 0.8% we can conclude that the contribution of the foreground material to observed polarization should be negligible in the case of CB67.
The foreground polarization can be estimated for more directions from a relation between the interstellar extinction and polarization. But both the estimates based on Strömgren photometry and Hipparcos parallaxes in [33] and those derived from interstellar lines of Na I and Ca II in [34] do not show any significant extinction in the direction of l ≈ 0
• up to about 100 pc where the Ophiuchus cloud complex appears.
The contribution of background polarization hardly can be well estimated. The line of sight to CB67 (l ≈ 1
• , b ≈ 16 • ) is directed generally above the Galactic center. Looking in the Galactic plane we see the Carina-Sagittarius arm at d about 0.7-1.4 kpc and the Crux-Scutum arm at d about 3 kpc. As Table 2 predicts the stars observed should mainly belong to the interarm space and the Carina-Sagittarius arm. As the CB67 latitude is high enough we can agree with [22] that there should not be much diffuse dust outside the Ophiuchus molecular cloud complex to produce essential interstellar (extinction and) polarization. Additionally, all dark clouds with the estimated distance in the field of the Ophiuchus complex have d ∼ 150 pc (see, e.g., [35] and references therein), and there are no signs that another more distant dense cloud is projected on the CB67 region.
Considering emission in the 13 CO line studied in [13] , we see that the stars observed are projected well inside the contours related with CB67 (see Fig. 2 ). Additionally, about 1/3 of our stars is projected on the contours of the systematic motion (rotation) of CB67 observed in [7] . Obviously, this denser gas and the dust mainly responsible for the observed polarization should spatially coincide. A weaker argument for the relation of the polarization with CB67 is that the dependences P vs. A V and P/A V vs. A V presented in Fig. 4 well resemble those obtained for similar dense clouds.
Thus, we assume that the mean direction of observed polarization characterizes the magnetic field in the vicinity of CB67, and its position angle θ B is equal tō θ obtained above. Then it is a bit unexpected that from our analysis in Sect. 2 it follows that the direction of the local field component B ⊥ near CB67 (θ B = 177
• ) is parallel to the global field in the Galactic plane (θ ≈ 170
• ) and nearly perpendicular to the magnetic field in the Local Bubble and Loop I Bubble interface (θ ≈ 60 − 65
• ) being very close spatially to CB67.
Now it is interesting to compare 4 directions in the case of CB67: those of the average magnetic fields in the close vicinity of the globule (according to our results its position angle is θ B = 177 ± 15 • ), the rotational angular momentum (θ J = 112 ± 1
• [7] ), the Galactic plane (θ G = 38
• ) and the elongation of the globule image on the 13 CO maps [13] (θ CO x = 110 ± 7
• ). The directions of the largest extension in visual and at submillimeter wavelengths have similar values: θ vis x = 110
• and θ submm x = 104
• , respectively. Note that according to Li et al. (2013) the direction of "the main filament" of the Ophiuchus molecular cloud complex has θ fil = 70 ± 12
• . For CB67, the difference |θ B − θ x | = 67 ± 13
• is rather close to 90
• . For other extended molecular clouds, this difference is close to either 0 or 90
• [1] . Li et al. [22] have considered 12 cloud complexes, entering into the Gould belt, and found that the main filament direction and the average magnetic field one differ by either less than 10
• (4 complexes), or more than 70 • (7 complexes, and in 5 cases this difference exceeds 85
• ). On other side, Ward-Thompson et al. [6] have noted that in the cores of low mass molecular clouds (7 ones were considered) the difference of the small semiaxis direction and the magnetic field one obtained from submillimetric polarimetry data is about 30
• with a small dispersion. If the field inside CB67 were parallel to that in its vicinity, we would have |θ
• . Note that Kane and Clemens [7] have considered 14 globules and found that this difference takes values from 0 to 90
• with approximately equal probability, though the values in the range 40-50
• may be a bit more probable. The difference |θ B − θ J | = 65 ± 15
• is remarkable. So far only Kane and Clemens have systematically compared polarization maps and rotation of globules [9] . They found that for 5 out of the 6 globules studied the primary magnetic field direction was aligned with the projected rotational axis, and the difference |θ B − θ J | was less than 20
• . These 5 globules included CB4 and CB17 with uniform and well aligned magnetic fields nearly parallel to the Galactic plane (all like in our case of CB67) and CB161, CB195, CB228 with a bimodal distribution of polarization position angles. Kane and Clemens further suggest that some (primary) polarization traces the field local to the globules, while other polarization traces the field at some distance away from (most likely behind) the globules. The secondary polarization usually appears to follow the Galactic plane. The notable case is CB183 where two equally strong components are observed one of which follows the Galactic plane while another does not coincide with either magnetic field component. The authors conclude that CB183 may not be a simple singly condensed globule, but a conglomeration of condensations.
The theoretical papers mainly included MHD calculations of collapse for rotating spherical clouds when the magnetic fields and the rotation axis are parallel and very seldom when they are not [36] . In the latter case a disk is formed and its angular rotation moment tends to be parallel either to the magnetic fields or to the rotation axis of the cloud depending on the relative strength of the fields (see, for example, [37] ).
The situation observed for CB67 when the cloud (core) is extended and rotates around an axis which is almost perpendicular to the magnetic field direction does not fit the theoretical modeling.
Conclusions
On the basis of polarimetric observations of about 50 stars located in the vicinity of the Bok globule CB67 the orientation of the magnetic fields near and in the outer layers of this cloud has been considered. It is found that the globule and its core are extended and rotate around the axis that makes the angle of about 70
• with the magnetic field direction. This situation is unusual for globules and can be hardly explained in the framework of MHD calculations of collapse of a low mass cloud.
